Based on localization and high activities of pyrroline-5-carboxylate reductase and proline dehydrogenase activities in soybean nodules, we previously suggested two major roles for pyrroline-5-carboxylate reductase in addition to the production of the considerable quantity of proline needed for biosynthesis; namely, transfer of energy to the location of biological N2 fixation, and production of NADP+ to drive the pentose phosphate pathway. The latter produces ribose-5-phosphate which can be used in de novo purine synthesis required for synthesis of ureides, the major form in which biologically fixed N2 is transported from soybean root nodules to the plant shoot. In this paper, we report rapid induction (in soybean nodules) and exceptionally high activities (in nodules of eight species of N2-fixing plants) of pentose phosphate pathway and pyrroline-5-carboxylate reductase. There was a marked increase in proline dehydrogenase activity during soybean (Glycine max) ontogeny. The magnitude of proline dehydrogenase activity in bacteroids of soybean nodules was sufficiently high during most of the time course to supply a significant fraction of the energy requirement for N2 fixation. Proline dehydrogenase activity in bacteroids from nodules of other species was also high. These observations support the above hypothesis. However, comparison of pentose phosphate pathway and pyrroline-5-carboxylate reductase activities of ureide versus amide-exporting nodules offers no support. The hypothesis predicts that pyrroline-5-carboxylate and pentose phosphate pathway activities should be higher in ureide-exporting nodules than in amideexporting nodules. This predicted distinction was not observed in the results of in vitro assays of these activities.
addition to the production of the considerable quantity of proline needed for biosynthesis, particularly of cell wall glycoproteins. These possible roles are: the production ofreduced carbon skeletons (proline) whose subsequent oxidation contributes to fueling energy-intensive biological N2 fixation; and the production of NADP+ which makes possible, in a manner described below, the assimilation of biologically fixed N2 into ureides, the major form in which biologically fixed N2 is transported from soybean root nodules to the plant shoot (19, 21) .
Increasing the availability of NADP+, as a consequence of the reduction of P5C to proline, should increase flux through the PPP, since this flux is tightly regulated by the intracellular concentration of NADP+ (12) . P5C has been shown to stimulate the activity of the PPP in human fibroblasts, Chinese hamster ovary cells, rabbit kidney cells (18) , human erythrocytes (27) , and rat and mice lens (24) . Based on analogy with these results in animal systems, Kohl et al. (I 1) proposed that the high P5CR activity in soybean nodules might function to increase the activity of the PPP. This, in turn, would increase the rate of production of R5P. In human erythrocytes the activity of PRPP synthetase, which catalyzes the transfer of the pyrophosphoryl-group of ATP to R5P producing PRPP, is sensitive to R5P levels (27) . PRPP is one of the substrates for the synthesis of PRA, the first committed intermediate of purine ribonucleotide biosynthesis. The rates of PRA synthesis, and therefore purine synthesis, are influenced by PRPP levels. Yeh and Phang (27) have shown that P5C increases the synthesis of purine ribonucleotides by enhancing the activity of the PPP, giving rise to higher concentrations of R5P and subsequently PRPP. Since soybean nodules export fixed N primarily in the form of ureides, the synthesis of which requires de novo purine ribonucleotide synthesis, a possible role for the high activity ofP5CR observed in soybean nodules is the regulation of the PPP by increasing the level of NADP+, thereby stimulating formation of R5P, PRPP, purines, and ureides.
Kohl et al. (1 1) also reported the presence of substantial ProDH activity in soybean nodules. About half ofthis activity was in bacteroids, the symbiotic form of Bradyrhizobium japonicum which is responsible for the energy-intensive reduction of dinitrogen. Very little activity was present in plastids or mitochondria (less than 2% of the total activity), the latter being the site of ProDH activity in other plant and animal tissues. The activity of P5CR was localized in the cytosol of the plant cells. The specific activity of ProDH in bacteroids of soybean nodules was comparable to that in rat liver mitochondria. The novel compartmentation of ProDH in soybean nodules supported the possibility that, together, P5CR and ProDH play a role in the transfer ofredox potential (energy) from the plant cytoplasm to the bacteroid (11) .
The development of activities of enzymes involved in the initial assimilation of fixed NH4' [GS, GOGAT, and AAT], as well as most of those involved in ribonucleotide and ureide synthesis, have been shown to parallel that of nitrogenase activity (C2H2 reduction) within soybean nodules (20, 21) . (The exception is allantoinase, an enzyme essential for the formation of the ureide allantoic acid, the major ureide exported from soybean nodules. The specific activity of allantoinase is highest in nodules prior to the onset of nitrogen fixation and actually decreases after nodules begin to export ureides even though ureide production increases dramatically during the same period [21] ). While the above summary statement is true in a general sense, the exact timing of the induction of GS is in dispute (1, 23) . However, all parties agree that GS activity increases substantially either prior to or just after the onset of nitrogenase activity. In contrast, PEP carboxylase, which is essential for nodule metabolism throughout growth, apparently plays some unique role during early nodule development. The specific activity of PEP carboxylase undergoes a pattern of early induction followed by a subsequent decline (5) . Essential (7) . Plants were harvested at the times indicated. Nine plants were used for the acetylene reduction assay for nitrogenase (9) . The acetylene assay was done in triplicate using the entire root system of three plants per replicate. The size of the container (275-1000 mL) depended on the size ofthe root system. After injecting the containers with 10% acetylene and incubating 15 and 30 min, the concentration of ethylene was measured with a Varian Series 2100 gas chromatograph. The change in concentration between 15 and 30 min was used as an index of nitrogenase activity. All of the nodules from the remaining plants were harvested and used for enzyme assays.
Preparation of Plant Extracts
After being weighed, rinsed with tap water, and blotted dry, nodules were stored at -80°C. PSCR and ProDH rates measured with frozen nodules and reported in this paper were comparable to rates determined with freshly picked, chilled nodules (11) . PPP rates in preparations from fresh and frozen tissue were comparable (data not shown). Frozen nodules were gently crushed with grinding buffer (2 volumes per gfw nodules) consisting of 100 mm tricine buffer (pH 8.0) with 0.4 M sucrose. The nodule slurry was filtered through Miracloth (Calbiochem, La Jolla, CA) and centrifuged 20 min at 12,000g to clear the plant cytoplasm of bacteroids. The bacteroid preparation, which was used to assay ProDH activity, was contaminated with starch granules, mitochondria, and plastids from the host plant cells. However, it was established earlier that mitochondria and plastids contained less than 2% of the total ProDH activity in the nodule (11) . The procedure used does not result in rupture of bacteroids (11) . Soybean roots were harvested from 19-d-old plants and cell-free extracts were prepared as described above for nodules. The root cytosplasmic fraction was obtained after centrifugation at 12,000g for 20 min.
Protein Determination
The amount of protein in extracts was determined as described by Bradford (2) The cytoplasmic fraction (1 2,000g supernatant fluid) of the host plant cells was used for measuring GS, PPP, and P5CR activities. ProDH activity was measured in the bacteroid fraction (the pellet formed by centrifugation at 12,000g). All assays were done in triplicate. For measuring the activity of the overall PPP, the assay mixture contained 0.5 ,uCi [1-_4C] 6). P5CR activity was measured by the method of Phang et al. (17) . DL-P5C was prepared from its 2,4-dinitrophenylhydrazine derivative as described by Mezl and Knox (15) . [5- 14C]L-P5C was prepared enzymatically from by the method of Smith et al. (25) . The ProDH assay was based on transfer of 3H from the C-5 position of proline to the medium (8, 1 1). As a positive control, ProDH activity was measured with rat liver mitochondria, a tissue with known ProDH activity (10) . Rat liver mitochondria were isolated by the method of Morre (16) . In calculating the quantity of proline oxidized, we took into account that only half of the radioactivity of the H-atoms on the C-5 position of proline were available for dehydrogenation, but we did not attempt to correct for the probably higher rate of dehydrogenation of H versus 3H. Activities (per gfw nodule) of nitrogenase, GS, PPP, P5CR, and ProDH in soybean nodules during plant ontogeny are presented in Figure 1 . Nitrogenase activity (upper panel) increased from a value that was not significantly different from zero (15 ± 28 (SE) nmol min-' gfw nodule-') to maximum values of about 400 nmol min-' gfw nodule-' during the period from 24 to 32 d after planting. Thereafter, there was a general three-to four-fold decline in activity in agreement with previous reports (20, 21) . GS activity increased sixfold in parallel with nitrogenase activity, reaching maximum activity 49 d after planting and then gradually decreasing indicating that the N2-fixing metabolism of the plants used in this experiment were typical for soybeans. Activities of P5CR and the PPP (center panel) were elevated at the earliest harvest (14 d gfw nodule-' in the 114-d sample. Using 16 mg as the value of bacteroid protein per gfw nodule (see above), the latter value is equivalent to about 5 nmol min-' mg protein-'. This is close to our previously published value of 4.9 nmol min-' mg protein-' (11) and close to that of ProDH in rat liver mitochondria (4.3 nmol min-' mg protein-') assayed under conditions identical to those with soybean nodule bacteroids. This is certainly a minimum estimate ofthe maximum potential activity of ProDH for the following reasons. (a) The assay is based on tritium loss from C-5 of proline during its dehydrogenation to P5C with the calculation including the explicit assumption that the rates of tritium and proton losses are equal. Rates estimated in this way are understated by a factor related to the tritium isotope effect. For example, the value of the latter is about 7 for the enzymatic reduction of benzylalcohol to benzyl-aldehyde mediated by NAD+ (4). Experiments are in progress to determine the isotope effect for the ProDH reaction. (b) These activities were supported by endogenous electron acceptor concentrations, the initial acceptor presumably being FAD, with 02 being the terminal acceptor. This leaves open the possibility that much higher rates would be observed ifan assay using a saturating concentration of an exogenous electron acceptor were developed. (Cajanus cajan), and garden bean (Phaseolus vulgaris)-and four legumes whose nodules export fixed N as amidespeanut (Arachis hypogaea), yellow lupin (Lupinus luteus), alfalfa (Medicago sativa), and peas (Pisum sativum)-were used to investigate the generality of patterns of activity of the PPP and enzymes of proline metabolism we observed in soybeans. Table II gives fresh weight of nodules and the entire plant. The percent of total plant fresh weight in nodules ranged from 1.2% (alfalfa) to 12% (dahl). Figure 2 gives activities of nitrogenase (C2H2 reduction), GS, P5CR, the PPP, and ProDH in nodules. On a per gram nodule basis, alfalfa nodules had by far the highest acetylene reduction rate (about 1360 nmol min-' gfw nodule-'). Nodules of other plants reduced acetylene at rates ranging from 75 (dahl) to 415 (yellow lupin) nmol min-' gfw nodule-'.
RESULTS
Pea nodule P5CR activity was almost half that of soybean nodule P5CR. Other amide-exporting nodules also exhibited high P5CR activities, especially peanut nodules. PPP activity was also no higher in the ureide-exporting nodules than in the amide-exporting nodules.
ProDH activities in the bacteroid fraction of nodules from ureide-and amide-exporting nodules are given in the lower panel of Figure 2 . In general, these activities were higher in bacteroids from ureide-than from amide-exporting nodules. Activities ranged from 18% (Arachis hypogaea) to 240% (Phaseolus vulgaris) of that of bacteroids of soybean nodules, the activity of which is comparable to that of rat liver mitochondria.
DISCUSSION
Our previous observation that the activity of P5CR was approximately four times higher in ureide-exporting soybean nodules than in amide-exporting pea nodules ( 11) was consistent with our hypothesis that an important function of P5CR activity in soybean nodules was production of NADP+ needed for R5P production by way of the PPP. R5P would then serve as precursor for PPRP needed for processing fixed N into ureides for export from the nodule to the rest of the plant. Since pea nodules export their fixed N as amides, there would be no such role for P5CR in pea nodules. But in this study, pea nodule P5CR activity was almost half that of soybean nodule P5CR (Fig. 2, center panel) , and other amideexporting nodules also exhibited high P5CR activities, especially peanut nodules, where the P5CR activity was higher than in any of the ureide-exporting nodules. Nor was PPP activity consistently higher in the ureide-exporting nodules than in the amide-exporting nodules (Fig. 2, center panel) . Thus, while P5CR activity may generate NADP+ which stimulates carbon atom flux through the PPP, as hypothesized, there is no correlative evidence in this study to support a special role of P5CR in regulating ureide synthesis. The relatively constant values of the activities of P5CR and PPP throughout the development of soybean nodules (Fig. 1 , center panel) makes it unlikely that the comparative observations among species ofthis study are the result ofthe choice ofsampling time. However, such a result cannot be rigorously excluded in the absence of measurements of the phenological variation of the relevant activities for all eight species. Although the protein content (mg protein/gfw nodule) of the nodule cytoplasmic fractions varied by as much as a factor of four among species (data not shown), plotting enzyme activities on the basis of mg cytoplasmic protein, rather than fresh weight, did not reveal any regularities in P5CR and PPP activities when comparing ureide and amide exporters. However, the rank order of the activities was markedly different for activities calculated on a "per gfw" versus "per mg protein basis." I A correlation might be expected between nitrogenase activity and the activity of any enzyme intimately associated with N2-fixation. Such a correlation was observed between activities of nitrogenase and GS (Fig. 1, upper panel) , an enzyme known to be required for the assimilation of fixed N, during soybean development. But these activities were not correlated across species (Fig. 2, upper panel) . We therefore do not consider the lack of correlation of nitrogenase with P5CR and PPP activities as evidence against a possible connection of these activities with N2-fixation. A correlation between these P5CR and PPP activities might be expected if an important function ofP5CR activity in soybean nodules were production of NADP+ needed for synthesis of precursors of ureide synthesis by way of the PPP. Down regulation in vivo of excess capacity (a common occurence) revealed by in vitro assay would result in an exception to this expectation. For example, Figure 2 . Nitrogenase, GS, P5CR, PPP, and ProDH activities in nodules of four species with ureide exporting nodules and four species with amide exporting nodules. Error bars represent the standard error of the mean. Plants were harvested at approximately midbloom. All measurements are for only one point in time.
the flux through the PPP in vivo is known to be only a few percent of the maximum in vitro rate, with rate limitation being imposed by the availability of NADP+ (12) . Thus, the absence of a correlation between in vitro rates of P5CR and PPP does not rule out a close intercalation ofthe two activities in vivo. The data of Figure 2 (center panel) suggest a correlation between these two activities in ureide, but not amideexporting nodules. However, nodules examined were from an insufficient number of plant species to establish the significance of this relationship.
The clearest distinction, with respect to activities of enzymes related to proline metabolism, between ureide-and amide-exporting nodules is that of ProDH activity in bacteroids (Fig. 2, lower panel) . We (26) . Using values of 22% dry weight for tumor cells (14) 
